We report here a cancer drug therapy use of a gene involved in Down's syndrome. Using bioinformatics approaches, we recently predicted Single Minded 2 gene (SIM2) from Down's syndrome critical region to be specific to certain solid tumors. Involvement of SIM2 in solid tumors has not previously been reported. Intrigued by a possible association between a Down's syndrome gene and solid tumors, we monitored SIM2 expression in solid tumors. Isoform-specific expression of SIM2 short-form (SIM2-s) was seen selectively in colon, prostate, and pancreatic carcinomas but not in breast, lung, or ovarian carcinomas nor in most normal tissues. In colon tumors, SIM2-s expression was seen in early stages. Antisense inhibition of SIM2-s expression in a colon cancer cell line caused inhibition of gene expression, growth inhibition, and apoptosis. The administration of the antisense, but not the control, oligonucleotides caused a pronounced inhibition of tumor growth in nude mice with no major toxicity. Our findings provide a strong rationale for the genesto-drugs paradigm, establish SIM2-s as a molecular target for cancer therapeutics, and may further understanding of the cancer risk of Down's syndrome patients.
We report here a cancer drug therapy use of a gene involved in Down's syndrome. Using bioinformatics approaches, we recently predicted Single Minded 2 gene (SIM2) from Down's syndrome critical region to be specific to certain solid tumors. Involvement of SIM2 in solid tumors has not previously been reported. Intrigued by a possible association between a Down's syndrome gene and solid tumors, we monitored SIM2 expression in solid tumors. Isoform-specific expression of SIM2 short-form (SIM2-s) was seen selectively in colon, prostate, and pancreatic carcinomas but not in breast, lung, or ovarian carcinomas nor in most normal tissues. In colon tumors, SIM2-s expression was seen in early stages. Antisense inhibition of SIM2-s expression in a colon cancer cell line caused inhibition of gene expression, growth inhibition, and apoptosis. The administration of the antisense, but not the control, oligonucleotides caused a pronounced inhibition of tumor growth in nude mice with no major toxicity. Our findings provide a strong rationale for the genesto-drugs paradigm, establish SIM2-s as a molecular target for cancer therapeutics, and may further understanding of the cancer risk of Down's syndrome patients.
W
ith the completion of human genome sequencing efforts, a large number of new genes are likely to be discovered (1, 2) . From these vast numbers of new genes, novel diagnostic and therapeutic targets for diseases like cancer are predicted to emerge (3, 4) . For analyzing expression of a large number of sequences in diseased and normal tissues, high-throughput gene expression analysis is becoming increasingly useful with the availability of microarray and GeneChip technology (5, 6) . A parallel way to initiate a search for genes relevant to cancer is to data mine the sequence databases (3, 7, 8) . A large number of expressed sequences from diverse organ-, species-, and diseasederived cDNA libraries are being deposited in various databases in the form of ESTs.
For cancer-specific gene discovery, the Cancer Genome Anatomy Project (CGAP) database of the National Cancer Institute provides a comprehensive collection of expressed sequences in the form of ESTs as well as various data-mining tools to analyze these ESTs (9, 10) . Recently we demonstrated that the CGAP database can be harnessed for discovery of cancer-specific genes (11) . Using the Digital Differential Display tool of the CGAP database, organ-and tumor-specific genes were discovered, and a unique database encompassing both known and novel ESTs was established (11) . One gene from the colon-specific novel EST collection was recently shown by us to be a highly specific colon tumor-related secreted factor, consistent with the bioinformatics prediction (12) .
Another gene from this database (UniGene Hs.146186) showed homology to Human Single Minded 2 (SIM2). The SIM2 gene is present in chromosome 21 at the Down's syndrome critical region, which in triplication is associated with diverse phenotypic characteristics of Down's syndrome (13) . Patients with Down's syndrome show various neurological symptoms and a high incidence of leukemia (14, 15) . Members of the SIM family include SIM1 and SIM2, which map to 6q16.3-q21 and 21q22.2, respectively (16) , and belong to a family of transcription factors containing a basic helix-loop-helix motif, two PAS (PER͞ ARNT͞SIM) domains, and the HST (HIF1␣͞SIM͞TRH) domains (17) (18) (19) . In Drosophila, SIM is a master regulator of fruit fly neurogenesis, regulating the midline gene expression (17, 20) . The SIM2 gene exists in two distinct forms, long and short (SIM2-l and SIM2-s), due to alternative splicing (16) .
We explored a possible association of the SIM2 gene with solid tumors. SIM2 is expressed in an isoform-specific manner (SIM2-s) in select solid tumors and was detected in early-stage and advanced-colon carcinomas but not in the normal colon. Furthermore, SIM2-s expression was not seen in most normal tissues. Inhibition of SIM2-s by antisense technology in colon cancer cells caused apoptosis in cell culture and inhibition of tumor growth in nude mice. These findings have important implications for the future diagnosis and treatment of specific solid tumors as well as for understanding the cancer risk in Down's syndrome patients.
experiments, and optimum concentrations were used in the reactions. FastStart DNA Master SYBR green I mix (Roche Molecular Biochemicals) was used, which required a 10-min denaturation step, then 45 cycles of amplification at 95°C, 10 sec; 68°C, 10 sec; 72°C, 30 sec; and an acquisition temperature (91°C), 1°C below the melting temperature (T m ) of the product held for 2 sec. This was followed by a melting curve analysis, which consisted of one cycle at 95°C for 1 sec; 65°C, 15 sec; and continuous acquisition reading up to 95°C. The crossover points were determined to quantify the reaction products. Product authenticity was validated by T m measurement of the different PCR products, crossover point determination, serial dilution of the cDNAs, and agarose gel electrophoresis.
Immunohistochemistry (IHC).
Paraffin sections of the human tumor and normal colon tissues, tumor tissues from the nude mice experiments, and the antisense-treated cells in culture were analyzed by IHC by using affinity-purified rabbit antiserum to a SIM2-s-specific hydrophobic peptide SHGGGWQMETEPSRF (Sigma Genosys, The Woodlands, TX) as described (21) . The specificity of IHC was established by excess peptide competition.
Antisense Drug. The antisense (AS), 5Ј-GAGAGCAAGAAAG-CACAGCAAGCC-3Ј and reverse antisense (C), 5Ј-CCGAAC-GACACGAAAGAACGAGAG-3Ј drugs were synthesized as a second-generation chimera (phosphorothioate-2Ј-O-methyl RNA chimera) by Oligos Etc. (Wilsonville, OR). Additional control sequences included sense and scrambled oligomers. The antisense sequence was chosen corresponding to the 3Ј end within the coding region of the SIM2-s gene, which encodes the short form-unique region. The sequence was BLAST verified and from the secondary structure, no stem-loop structure was predicted. The oligomers were HPLC purified and purity ascertained by analytical ion exchange HPLC and capillary electrophoresis (Ͼ90%). Two independent preparations were tested.
Other Methods. Detection of fragmented DNA was performed by using the Apoptag Apoptosis Detection Kit (Serologicals, Norcross, GA) according to the manufacturer's specifications. In addition, genomic DNA from the treated cells was separated by agarose electrophoresis and hybridized with 32 Plabeled EcoRI restriction-digested normal human DNA. Antisense transfections in vitro were done by using the Lipofectin protocol (Life Technologies, Gaithersburg, MD). Tumorigenicity assays were done by using the MetaMouse model (Anticancer, San Diego). Brief ly, NCr nu͞nu nonirradiated male and female 5-to 6-wk-old 22-to 24-g body weight mice (n ϭ 10) were injected s.c. with RKO colon carcinoma cell-derived stock tumors (four fragments per mouse), and 48 h later the mice were treated either with vehicle (PBS), antisense (AS), or reverse antisense (C), 1 mg͞kg twice weekly s.c. on the contralateral side for 4 wk. The mean body weight and tumor volume (W2X L͞2) were calculated on a weekly basis. The tumor volume was assessed by Student's t test with an ␣ ϭ 0.05 (two-sided). Spleen weight was measured at death, and tumors were characterized by histology. One representative experiment is shown.
Results
Specificity of SIM2-s in Solid Tumors. Using SIM2-s exon-specific primers, RT-PCR analysis of the cDNAs derived from a matched set of tumor and normal tissues from breast, colon, lung, ovary, pancreas, and prostate carcinomas was performed. The primer pair used was designed to discriminate between the SIM2-s and SIM2-l forms. Three independent primer pairs were used in the study (see Materials and Methods). The SIM2-s-specific PCR products were seen only in the colon, pancreas, and prostate tumor-derived cDNAs but not in the corresponding normal tissues (Fig. 1A) . These results were confirmed by the use of independent sets of cDNAs from multiple patients (not shown). The SIM2-1 form was not detected in these samples (data not shown). Among many CLONTECH digestive tissue; (E) matched tumor and normal tissues from 14 independent colon carcinoma patients; and (F) cDNAs from normal colon, polyp (P), duodenal adenoma (DA) and colon adenoma (CA), and colon tumors were analyzed for SIM2-s and actin expression. PCR products in E and F were hybridized with an internal oligomer probe. * , Matched tissues from the same patient; M, 100-bp ladder; negative, template minus PCR control; positive, colon tumor cDNA; ϪRT, reverse transcriptase minus control. One representative experiment from three independent experiments is shown.
normal adult pooled tissues analyzed, SIM2-s expression was seen only in kidney-and tonsil-derived cDNAs (Fig. 1B) . In the fetal tissues, SIM2-s was expressed in heart, kidney, and skeletal muscle, consistent with the developmental expression of SIM2-s (16) (Fig. 1C) , whereas distinct parts of normal adult colon (pooled tissues) were negative (Fig. 1D ). SIM2-s expression was seen in independent colon tumors (T) from 14 different patients (14͞14) but not in the corresponding matched normal colon tissue (N) from the same patients. The authenticity of the SIM2-s-specific PCR products was verified by hybridization to a SIM2-s-specific internal oligonucleotide probe (Fig. 1E) . Normal colon-derived cDNAs from unmatched pooled tissues were also negative for SIM2-s expression (data not shown). A stage-specific expression of SIM2-s was seen in early adenomas and carcinomas (Fig. 1F) . The polyp was a retrospective sample from a colon cancer patient and was positive for SIM2-s expression (Fig. 1F) . Another retrospective polyp-derived cDNA from an independent cancer patient was also positive for SIM2-s expression (data not shown). SIM2-s was expressed in diverse colon-(n ϭ 4), prostate-(n ϭ 3), and pancreas-(n ϭ 4) derived cell lines, but not in the cell lines derived from breast (n ϭ 4), ovary (n ϭ 4), or lung (n ϭ 4). These results suggested that SIM2-s is activated in select solid tumors, and that in colon tumors, it is activated at an early stage.
Elevated expression of SIM2-s was seen in the paraffin sections of colon adenoma (CE-2) and carcinoma (CT-6) by IHC, in comparison with the normal surrounding colon tissues (CN-2 and -6) from the same patients ( Fig. 2A) . Real-time RT-PCR of the RNAs from tumor and normal tissues of the same patients (Fig. 2 B) showed quantitative changes (tumorϾadenomaϾnormal) in the expression level of SIM2-s. The authenticity of the SIM2-s PCR product was confirmed by determining the T m and the crossover point. No SIM2-s-specific PCR products were seen in the normal tissues, consistent with the results of the end point PCR (Fig. 1E) . TaqMan quantification was not performed on these samples, because no PCR products were detected in the normal tissues.
Antisense technology has been effective in blocking the expression of targeted genes and validating drug therapy use of targets (22, 23) . To investigate whether the SIM2-s gene has a therapeutic potential, we have used antisense technology to inhibit the gene's function. The RKO colon carcinoma cells were treated with a second-generation (phosphorothioate-2Ј-Omethyl RNA chimera) SIM2-s antisense. In preliminary experiments, the antisense-treated cells showed rapid inhibition of growth (within 24-48 h), which was dose-dependent (50-300 nM), and the treated cells showed nuclear condensation, suggesting an apoptotic mechanism. Such an effect was not seen with various control sequences. The antisense-treated RKO cells showed inhibition of SIM2-s mRNA in a dose-dependent manner (Fig. 3A) and inhibition of the SIM2-s protein in the nucleus as monitored by IHC (Fig. 3B) . The SIM2-s antibody detected a clear nuclear antigen stain (shown by arrow) and a diffused cytoplasmic stain. On antisense treatment, a pronounced inhibition of antigen stain was seen. The nuclear antigen stain was competed with 10-fold excess peptide (data not shown). In preliminary experiments, the SIM2-s antibody was not found to detect the SIM2-s protein in the cell lysates by Western blot. Similarly, a commercially available antibody to SIM2-s also failed to detect the SIM2-s protein in the cell lysates. Efforts are underway to generate a Western-compatible SIM2-s antibody to aid future studies. The antisense-treated cells were Apoptag positive, confirming DNA fragmentation in situ (Fig. 3C) , and showed evidence of DNA laddering indicative of apoptosis (Fig.  3D ). Slight differences in the amount of DNAs loaded (Ϸ0.5-fold) were seen on the ethidium bromide-stained agarose gel between the control and the antisense-treated cells (Fig. 3D) . The autoradiogram shown was deliberately overexposed, and ladder formation was not seen in the control DNA. The SIM2-s antisense also inhibited the growth of other colon cancer-derived cell lines, including HCT116 and SW480 as well as CAPAN-1 pancreatic carcinoma cells and induced apoptosis (data not shown). Treatment of MDA231 breast carcinoma cells or earlypassage human colonic smooth muscle cells (both of which were negative for the target gene SIM2-s expression) with the same antisense drug did not cause growth inhibition, suggesting specificity of the antisense drug.
On the basis of these results, the antisense drug was tested by using RKO human colon cancer xenograft in a nude mouse tumorigenicity assay. The nude mice were injected with the RKO colon carcinoma-derived tumors s.c., and the tumor-bearing mice were treated with 1 mg͞kg of the antisense drug (AS), control drug (C), or vehicle (PBS) twice weekly s.c. on the contralateral side for 1 mo. Significant tumor inhibition was seen in the antisense drug-treated mice (Fig. 4 A and B) . Two independent tumors from the control drug-or the antisense drug-treated mice were analyzed for SIM2-s mRNA expression (Fig. 4C) . Inhibition of SIM2-s mRNA was seen in the tumors from antisense-treated mice in comparison with the tumors from the control oligomer-treated mice. The tumor reduction in response to the antisense drug correlated with the reduced expression of the targeted gene. The tumor from the antisensetreated mice showed a pronounced inhibition of SIM2-s expression by IHC compared with the control-treated tumor (Fig. 4D) . The confluency difference seen between the control and the antisense-treated tumors (Fig. 4D) is due to the paraffin sections chosen for the IHC analysis. The antisense-treated mice did not show loss of weight, changes in blood cell counts, or splenomegaly, an indicator of nonspecific effects of oligonucleotides (24), showing that the antisense drug was not toxic and was relatively specific. No histological changes in the liver, kidney, or spleen of the treated mice were seen. The antisense-treated tumors were Apoptag positive, consistent with the induction of apoptosis noted in the cell culture model.
Discussion
Human genome sequencing efforts have opened a new era for the discovery of highly specific cancer targets. Bioinformatics approaches and microarray technology are increasingly being used to move the gene sequences closer to the patient's bedside. Reasoning that the discovery of organ-and tumorspecific genes would provide a rationale for both novel diagnostic and therapy targets, we have used the Cancer Genome Anatomy Project database of the National Cancer Institute to create a solid tumor-specific EST database (11) . Our recent identification of a colon cancer-specific gene (12) from this database provided a framework to test this database further. We chose another gene that was predicted to be specific to colon cancer. Contrary to the bioinformatics prediction of specificity to colon cancer, we observed that this gene (SIM2-s) was also expressed in pancreas and prostate cancers. This underscores the importance of validating computational predictions with relevant patient-derived materials. Nevertheless, the association of SIM2-s, a Down's syndrome-related gene with cancer, raised interesting possibilities of linking two very different diseases. Hence we investigated the status of SIM2-s in solid tumors.
A putative cancer-related role of the SIM family of genes is their ability to transcriptionally regulate key metabolic enzymes to inactivate carcinogens (25) . Binding of carcinogens to the aryl hydrocarbon receptor (AhR), which is kept sequestered in the cytoplasm by HSP90 (26), dissociates HSP90. The ligand-bound AhR is then translocated into the nucleus, where it can dimerize with AhR Nuclear Translocator (ARNT) (27) . This complex binds to the xenobiotic response element, present in the promoters of key oxidative enzymes and activates gene transcription (25, 28) , thus causing inactivation of the carcinogen. The SIM proteins can inhibit the dimerization of the ligand bound AhR͞ ARNT complex (29) and hence prevent carcinogen metabolism. It is tempting to hypothesize that the SIM2-s gene undergoes activation (due to mutations, amplifications, or loss of repres- sion) similar to that of oncogenes, tumor suppressor genes, and telomerase (30) (31) (32) . Preliminary analysis of the Single Nucleotide Polymorphism (SNP) database revealed sim2-s-specific SNPs, supporting the hypothesis of activation of SIM2-s (data not shown).
The precise function and nature of the molecules the SIM2-s gene regulates in the normal and tumor tissues are not known. There is limited availability of reagents such as antibodies, protein, and specific inhibitors for distinct members of the SIM family. The putative transcription factor function of the SIM family of genes suggests transcriptional regulation by individual members of the family. The availability of this specific antisense drug to block the function of the SIM2-s gene opens up new avenues to decipher the putative targets of the SIM2-s gene.
The specificity of SIM2-s expression seen in colon tumors and early-stage colon adenomas and in a retrospective polyp sample from a colon cancer patient suggests activation at early stages of colon cancers, providing a diagnostic utility. Supporting this, in a recent report (21) , using a large collection of colon, prostate, and pancreatic tumors and normal tissues, we have demonstrated an elevated expression of SIM2-s in tumors compared with the normal tissues, and a preliminary scoring system was established.
Progression of colon cancer involves activation and loss of expression of distinct genes (33) . It is likely that the development of colonic adenomas and carcinomas involves multiple steps in which environmental or endogenous carcinogens induce or promote neoplasia through the accumulation of multiple, specific genetic mutations (34) . Genetic predisposition to this process may take the form of inherited defects in control of cellular proliferation as in familial polyposis coli, or genetically determined polymorphism that affects enzyme activities relevant to the production or detoxification of carcinogens (35) . Our results suggest SIM2-s as one of the determinants in this cascade.
Inhibition of SIM2-s expression by antisense technology, which induces apoptosis and inhibition of colon tumor growth in nude mice, offers a proof of concept for SIM2-s as a drug therapy target. The antisense-treated cells undergo apoptosis within 24 -48 h. The induction of apoptosis we demonstrate in the colon tumor model could be due to a specific block at a distinct stage of the cell cycle or to an induction of differentiation. Efforts are underway to clarify the mechanism of antisense SIM2-s-induced cancer cell death. The half-life of SIM2-s has been shown to be 2 h (27), which can account for the rapidity of the antisense effects. The lack of expression of SIM2-s in most normal cells suggests that such a target would be low in toxicity. The toxic liability that can be anticipated by inhibition of SIM2-s is likely to be renal, because it is expressed in normal adult kidney. In preliminary experiments, treatment of early passage renal epithelial cells or prostate epithelial cells with the SIM2-s antisense drug did not show toxicity (see Fig.  5 , which is published as supporting information on the PNAS web site, www.pnas.org). We postulate that other members of the SIM family, which are also expressed in the normal kidney, may provide an alternative to SIM2-s function. However, this should be a matter of concern and further study is warranted.
A tantalizing link between Down's syndrome and cancer is the high incidence of leukemias (20-fold) seen in Down's children. Higher risks for acute lymphoblastic leukemia, myelodysplastic syndrome, and acute myeloid leukemia are seen in Down's children (36) . Surprisingly, RT-PCR analysis of diverse leukemia-derived cell lines failed to reveal the presence of SIM2-s-specific transcript (see Fig. 6 , which is published as supporting information on the PNAS web site). These results suggest that the observed epidemiological link between Down's patients and leukemia may not involve the function of the SIM2-s gene. Analysis of the bone marrow from Down's patients with or without leukemia for SIM2-s expression would clarify this issue. Increased transcription of the genes in the trisomic chromosome 21 may contribute to cancer in Down's patients (37, 38) . Oncogenes and tumor suppressor genes present in the chromosome may further contribute to the cancers seen in these patients.
In summary, with the completion of the human genome sequencing efforts, discovery of genes with medicinal value has undergone a paradigm shift. Although in the past, cancer gene discovery followed conventional methods such as mapping the gene, loss of heterozygosity, and model organism studies, the future of cancer gene discovery will emanate from the human genome sequencing efforts. The prediction of SIM2-s specificity using bioinformatics of the human genome and the subsequent validation using tissue repository demonstrate the power of harnessing the human genome. The preclinical proof of concept we further demonstrate by using antisense technology provides one of the first few examples of the genes-to-drugs paradigm. A systematic search of other disease-associated genes for their possible role in cancer may provide additional novel cancer targets.
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